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We investigated the magnetoresistance (MR) effect of the pyrochlore oxide Nd2Ir2O7, which
shows a metal-insulator transition at TMI = 33 K. A small positive MR effect was observed in
the metallic state above TMI, while a large negative MR effect was observed in the insulating
state below TMI. MR effects ([ρ(B = 0)− ρ(B)]/ρ(B)) exceeding 3000% were found at 1 K at
a field of 9 T. As a result, we confirmed the crossover from the insulating state to a state with
a small or partial band gap in a field up to 56 T. Furthermore, from the MR effect in Eu2Ir2O7
(TMI = 120 K) and Gd2Ir2O7 (TMI = 127 K), we revealed that the large negative MR effect of
the pyrochlore iridate Ln2Ir2O7 depends on the magnetism of the lanthanide Ln3+ ion. The d-f
interaction plays a significant role in the large negative MR effect in the insulating state.
KEYWORDS: magnetoresistance, pyrochlore oxides, Nd2Ir2O7, metal-insulator transition, Eu2Ir2O7,
Gd2Ir2O7
The discovery of giant magnetoresistance (GMR) in thin-film structures composed of
alternating ferromagnetic and nonmagnetic layers has opened up a new field of electronics
called spintronics.1 The GMR effect is observed as a large change in resistance depending on
the parallel or antiparallel alignment of ferromagnetic layer magnetizations. This effect has
been applied in disk read heads of modern hard disk drives and magnetic sensors. However,
GMR has also been discovered in strongly correlated electron systems, mainly in mangan-
ites.2, 3 This GMR is caused by the field-induced transition from nonmetal to metal as a bulk
property. This effect is qualitatively explained by carrier scattering due to the thermally fluc-
tuating spin configuration or the spin-disorder scattering process.
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A recent study has revealed a metal-insulator transition (MIT) in 4d and 5d transition-
metal pyrochlore oxides.4–8 Pyrochlore oxides are composed of a network of corner-shared
tetrahedra, whose vertices are occupied by spins; this is called the pyrochlore lattice.9 As
these spins may give rise to strong geometrical frustration, unusual spin fluctuations are un-
derlying in pyrochlore oxides.10–14 Therefore, 4d and 5d transition-metal pyrochlore oxides
can indicate novel electronic properties such as GMR in a magnetic field.
In our recent study, we successfully synthesized purified polycrystalline samples of the
pyrochlore iridate Ln2Ir2O7.6, 7 We revealed that Ln2Ir2O7 for Ln = Nd, Sm, Eu, Gd, Tb, Dy,
and Ho exhibits MITs at 33, 117, 120, 127, 132, 134, and 141 K, respectively.7 In these
MITs, thermal hysteresis and a discontinuous change in the physical properties of pyrochlore
iridates was not observed at the MIT temperature TMI. From this result, we concluded that the
MITs were second-order transitions. The MIT comes from 5d electrons. In a recent theoretical
study, on this insulating state of Ln2Ir2O7, the possibility of realizing a topological insulator
is discussed.15
In this letter, we report on the magnetoresistance (MR) of Nd2Ir2O7, which shows an MIT
at 33 K. This MIT involves the magnetic ordering of Ir moments. The all-in/all-out state in
the insulating state has been revealed by neutron scattering experiments.16 Furthermore, a
long-range magnetic structure of the Nd moment induced by d-f interaction develops below
15 K. The magnetic structure of the Nd moment is also an all-in/all-out state. This antiferro-
magnetic structure is destroyed by applying a magnetic field. Therefore, we may expect the
transition from the insulating state with antiferromagnetic ordering to a polarized metallic
state. Furthermore, as the origin of the MIT in Ln2Ir2O7 is still not clear, an investigation of
the magnetic field response may provide useful information on the origin of the MIT.
Polycrystalline samples of Ln2Ir2O7 (Ln = Nd, Eu, Gd) and (Nd0.70Pr0.30)2Ir2O7 were syn-
thesized by a standard solid-state reaction method according to previously reported prepara-
tion conditions.7 The resistivity measurement was performed by a four-probe method. The
DC resistivities up to 9 T were measured under a static magnetic field (Quantum Design
PPMS). The DC and AC resistivities up to 56 T were measured using a pulsed magnetic field
at the Institute for Solid State Physics, the University of Tokyo. In all MR measurements, the
magnetic field was applied parallel to the current direction.
Figure 1(a) shows the MR of Nd2Ir2O7 at 1 K under a static magnetic field. Before the
initial up-sweep of the magnetic field, the sample was cooled under a zero field. In the initial
up-sweep of the magnetic field, the resistivity decreases at low fields and exhibits a hump at
around 4.5 T; a positive MR is observed in the magnetic field range of 2-4.5 T. In the down-
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sweep of the magnetic field down to 0 T, the resistivity increases monotonically. Therefore,
a large hysteresis is observed; in a zero field, the resistivity after the first sweep becomes
17.9 times larger. Consequently, an MR effect ([ρ(B = 0) − ρ(B)]/ρ(B)) exceeding 3000%
is found at 1 K at a magnetic field of 9 T. In the second up-sweep, a small hysteresis is
observed without a hump. The large negative MR effect observed in the ordered state may
be qualitatively explained by the suppression of carrier scattering due to the fluctuating spin
configuration with increasing field.
Figure 1(b) shows the MR and the magnetization process of Nd2Ir2O7 at 2 K under a
static magnetic field. The MR at 2 K indicates a qualitatively similar feature to that observed
at 1 K; a large hysteresis corresponding to curves 1 and 2 in Fig. 1(a) is observed. The mag-
netization process at 2 K shows a small hysteresis at around 3 T. In addition, a tiny residual
magnetization of 10−3 µB/f.u. is observed; although the residual magnetization appears as a
tiny ferromagnetic moment below TMI, the origin is not still clear. Therefore, we can specu-
late that the large hysteresis at a zero field is caused by the tiny ferromagnetic moment. These
results suggest that the large hysteresis in the MR is related to the small hysteresis in the
magnetization process.
We will now discuss the relationships between the MR and magnetization from the re-
sults shown in Fig. 1(b). The magnetization M of Nd2Ir2O7 reaches 2.3 µB/f.u. at 9 T. The
saturated magnetization Ms is estimated to be 2.5 µB/f.u. by Brillouin curve fitting. As the
magnetic moment is mainly caused by Nd moments, the saturated magnetization per Nd ion
may be described by 1.25 µB/Nd. Because the Nd moment has local 〈111〉 Ising anisotropy,
the saturated magnetization is suppressed to half of the single-ion moment. From the anal-
ysis of inelastic neutron scattering, the value of the Nd moment of the ground state doublet
is 2.37 µB. Therefore, this estimated Nd moment is in agreement with the result of inelastic
neutron scattering. First, in the down-sweep, we found that lnρ ∝ (M/Ms)2 at (M/Ms)2 ≤ 0.2,
where Ms = 2.5 µB/f.u.; this feature has been discussed for the charge-ordered state of Mn
oxides (La, Sr)2MnO4.17 Alternatively, we can obtain the change in resistivity (∆ρ/ρ0) in the
up- and down-sweeps as a function of M2, where ∆ρ/ρ0 = [ρ(B) − ρ(B = 0)]/ρ(B = 0).
In the small-magnetization region ((M/Ms)2 ≤ 0.04), we found that both are proportional to
M2 with different coupling constants; the feature has been discussed for Mn perovskites (La,
Sr)MnO3.2, 18, 19 However, as is clear from the result shown in Fig. 1(b), it is hard to explain
the discrepancy between the large hysteresis in the resistivity and the small hysteresis in the
magnetization from the above-mentioned relationships. Further study is needed to clarify the
origin of this phenomenon.
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Fig. 1. (a) (Color online) Magnetoresistance of Nd2Ir2O7 at 1 K under a static magnetic field. The purple line
shows the first up-sweep. The red line shows the down-sweep. The green line shows the second up-sweep. (b)
(Color online) Magnetoresistance and magnetization process of Nd2Ir2O7 at 2 K under a static magnetic field.
Figure 2 shows the MR of Nd2Ir2O7 under pulsed magnetic fields after an initial field
sweep. At 40 K (above TMI), a small positive MR effect was observed up to 56 T. However,
below TMI, a negative MR effect was observed up to 56 T, which can be expected from
the results shown in Fig. 1. At 4.2 K, the ratio of resistivity ρ(B)/ρ(0T) between 0 and 56
T reaches 0.007. However, there is no sign of a phase transition to the metallic state. The
resistivity at 56 T increases with decreasing temperature. For the data at 10, 15, and 25 K, a
band gap of 25 K is estimated at 56 T assuming thermally activated conduction (see the inset
in Fig. 2); with the same assumption, for the data just below TMI, a band gap of 405 K is
obtained at a zero field.7 A state with a small or partial band gap is realized at a field of 56 T.
Next, we will discuss the large hysteresis in the medium temperature range (at 10, 15,
and 25 K). This is caused by a magnetocaloric effect due to Nd moments because the sample
is set in a quasi-adiabatic condition; in the sweep at 4.2 K, because the sample is soaked
in liquid 4He, it is set in an isothermal condition. Assuming an adiabatic condition in the
up-sweep, the increase in sample temperature at 10 K is estimated to be approximately 15
K. The sample temperature unavoidably increases in the up-sweep. The actual increase in
sample temperature is expected to be 2-3 K. On the other hand, the sample is cooled in the
down-sweep. Actually, after the field sweep, a relaxation to the thermal equilibrium state is
observed as the result of a decrease in resistivity. Therefore, this hysteresis in the medium
temperature range is not intrinsic.
To clarify the insulating state under a high magnetic field, we measured the MR of a sys-
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Fig. 2. (Color online) Magnetoresistance of Nd2Ir2O7 under pulsed magnetic fields after an initial field sweep.
The inset shows the temperature dependence of resistivity at 56 T plotted against 1/T .
tem with a lower TMI. Figure 3 shows the MR of (Nd0.70Pr0.30)2Ir2O7 under pulsed magnetic
fields after an initial field sweep. The inset shows the temperature dependence of the resistiv-
ity of (Nd0.70Pr0.30)2Ir2O7. This compound exhibits an MIT at TMI = 21 K. At 25 K, a small
positive MR effect is observed at fields of up to 56 T. Below TMI, a negative MR effect is
observed at fields of up to 56 T. At a field of 56 T, the resistivity at 1.4 K is 10 times larger
than that at 25 K. These features are consistent with the results for Nd2Ir2O7. There is no sign
of a phase transition to the metallic state up to 56 T.
Next, we will discuss the Zeeman energy in the insulating state. Assuming the Ir moment
of 1µB, the Zeeman energy at a field of 56 T is estimated to be 37.5 K. For Nd2Ir2O7, the Zee-
man energy is comparable to the energy gain of the ordered state (TMI = 33 K). Furthermore,
for (Nd0.70Pr0.30)2Ir2O7, the Zeeman energy at a field of 56 T is greater than the energy gain
of the ordered state (TMI=21 K). However, the present result shows that the insulating state
persists up to 56 T. There are two possible interpretations for the insulating state persisting
in a high magnetic field. One is the reduction in the value of the Ir moment. We will try to
roughly estimate the value of the Ir moment as shown below. The resistivity at 4.2 K shows a
field dependence of Hα above 30 T, where α = −1.28. The resistivity at 40 K shows the field
dependence of ρ0 + βH2. Their extrapolated curves cross at around 300 T; this is considered
as the critical field. By using this critical field, we can obtain a large reduction in the moment
of 0.16 µB/Ir from the Zeeman energy for the critical field. This strong reduction in the mag-
netic moment may be caused by a frustration effect. Another interpretation is that the band
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gap formation does not originate from magnetic ordering; this means that the MIT is a Mott
transition with a magnetic ordering rather than a Slater transition. In this case, the band gap
may originate from on-site Coulomb repulsion and spin-orbit coupling. Because the energy
scale (of order eV) is large, it is difficult to destroy the band gap completely by a magnetic
field. To clarify this point, further study is needed to estimate the ordered Ir moment.
Fig. 3. (Color online) Magnetoresistance of (Nd0.70Pr0.30)2Ir2O7 under pulsed magnetic fields. The inset
shows the temperature dependence of resistivity.
Figure 4 shows the MR of Eu2Ir2O7 and Gd2Ir2O7 under pulsed magnetic fields after an
initial field sweep. The TMI for Eu2Ir2O7 and Gd2Ir2O7 are 120 and 134 K, respectively.7 The
nonmagnetic Eu3+ ion shows Van Vleck susceptibility. On the other hand, the Gd3+ ion has
an isotropic magnetic moment. Eu2Ir2O7 shows a small positive MR effect above and below
TMI. However, the MR effect of Gd2Ir2O7 is small positive and negative above and below
TMI, respectively. These results suggest that the negative MR effect of Ln2Ir2O7 below TMI is
related to the magnetic moment at the Ln site. An effect caused by d-f interaction is suggested.
Now, we discuss the MR effect of Nd2Ir2O7. The magnetic structure of the Ir moment
in the insulating state is all-in/all-out. Below TMI, because the conductivity is caused by an
excitation from the all-in/all-out state, the mechanism of conductivity must be variable range
hopping (VRH).20 Actually, Nd2Ir2O7 obeys the VRH conduction formula below 15 K (∼
TMI/2):7 polycrystalline Eu2Ir2O7 also shows VRH conduction below 60 K (∼ TMI/2).7, 21 The
strength of the d-f interaction is roughly 10 K in this system. Below TMI, the d-f interaction
leads to a finite internal field at the Nd sites.7, 16 The VRH conduction may lead to a fluctuation
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of the internal field at the Nd sites through the d-f interaction. As the Nd moment fluctuates,
disorder is created in the magnetic structure of the Nd moment. In a magnetic field, because
the Ir moments are small, the energy gain due to the Zeeman effect is small. However, because
the Nd moments are larger, the energy gain due to the Zeeman effect is larger. As the applied
magnetic field increases, the magnetic structure of the Nd moments changes from the all-
in/all-out state to the 2-in/2-out or 1-in/3-out (3-in/1-out) state that the magnetic moment is
finite. Then, the Nd moments begin to align in the magnetic field direction against the internal
field owing to the d-f interaction. Therefore, the disorder in the magnetic structure of the Nd
moments is suppressed by applying a magnetic field. Consequently, because the fluctuation of
the internal field at the Ir sites due to the d-f interaction is suppressed in a stronger magnetic
field, the MR effect may be negative.
Fig. 4. (a) (Color online) Magnetoresistance of Eu2Ir2O7 at 15 K under a pulsed magnetic field. (b) (Color
online) Magnetoresistance of Eu2Ir2O7 at 110, 120, and 130 K under a pulsed magnetic field. (c) (Color online)
Magnetoresistance of Gd2Ir2O7 under a pulsed magnetic field.
In summary, we investigated the MR effect of the pyrochlore oxide Nd2Ir2O7, which
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exhibits an MIT at TMI = 33 K. In the metallic state above TMI, a small positive MR effect
is observed, while a large negative MR effect is observed in the insulating state below TMI.
MR effects ([ρ(B = 0) − ρ(B)]/ρ(B)) exceeding 3000% are found at 1 K at a field of 9 T. We
confirmed the crossover from the insulating state to a state with a small or partial band gap.
Furthermore, we revealed that the MR effect of the pyrochlore iridate Ln2Ir2O7 depends on
the magnetism of Ln3+ ions. The MR effect of Gd2Ir2O7 (TMI = 127 K) with magnetic Gd3+
ions is large and negative. On the other hand, the MR effect of Eu2Ir2O7 (TMI = 120 K) with
nonmagnetic Eu3+ ions is small and positive. These results strongly indicate a significant role
of d- f interaction in the large negative MR effect. A theoretical study would be desirable to
explain the MR effect in Ln2Ir2O7.
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